We report on the exciton spin dynamics of nanowire embedded GaN/AlN Quantum Dots (QDs) investigated by time-resolved photoluminescence spectroscopy. Under a linearly polarized quasiresonant excitation we evidence the quenching of the exciton spin relaxation and a temperature insensitive degree of the exciton linear polarization, demonstrating the robustness of the optical alignment of the exciton spin in these nanowire embedded QDs. A detailed examination of the luminescence polarization angular dependence shows orthogonal linear exciton eigenstates with no preferential crystallographic orientation.
Wide gap GaN and its alloys have proven to be a very successful and versatile system for a variety of optoelectronics applications ranging from light emission (lasers or light-emitting diodes) [1] [2] [3] [4] to photovoltaic conversion devices 5 . More recently, bulk or nanostructured GaN has emerged as well as a suitable material system for controlling and manipulating the exciton spin up to room temperature [6] [7] [8] [9] [10] thanks to its very low spin-orbit coupling and wide band-gap [11] [12] [13] . The tri-dimensional confinement obtained in nanostructures like quantum dots or nanoparticles is expected to further improve the stability of the carriers' spin memory by reducing the efficacy of the wave vector dependent spin scattering mechanisms 11 . Despite these strong potentialities, very few experimental investigations have been performed on the exciton spin dynamics of (In)GaN Quantum Dots (QDs). Lagarde et al. 14 have measured the optical alignement of the exciton in zinc-blende GaN/AlN dots up to room temperature, while Sénès et al. 15 have demonstrated the control of the exciton linear polarization degree through the application of an external electrical bias in a wurtzite InGaN/GaN p-i-n QD structure. High density of defects and dislocations however still affects the growth of (Al)(In)GaN materials, due to the lack of proper substrates. This condition hampers both the optical and spin properties of these compounds 16 . Nanowire-embedded GaN/AlN QDs present a valid alternative to Stranski-Krastanov (SK) grown nanostructures thanks to their higher crystalline quality due to the reduced interaction with the substrate and the consequent lower density of defects near the dot site 17 . In addition, these wurtzite nanowires grow with the crystallographic c axis oriented normal to the silicon (111) substrate surface, offering a new interesting system to study the polarization properties of confined excitons in high quality nitrides QDs by optical orientation experiments 18, 19 .
In this work, we report on a detailed time-resolved investigation of the exciton spin dynamics of an ensemble of wurtzite GaN/AlN QDs embedded in nanowires up to room temperature. By means of optical orientation experiments we demonstrate that the exciton photoluminescence (PL) linear polarization degree arises from the optical alignment of the exciton spin exhibiting neither a temporal nor an amplitude decay up to room temperature.
The temperature insensitivity of the optical alignment of the excitons contrasts with what was previously reported for zinc-blende GaN/AlN and wurtzite InGaN/GaN SK dots 14, 15 .
Finally, the angular analysis of the PL linear polarization evidences exciton orthogonal linear eigenstates with no preferential in-plane orientation. In the second case, experiment B (figure 3-b), we have kept fixed the laser linear excitation along e X and we have measured the PL linear polarization degree in the ( e(α), e ⊥ (α)) basis. We have restricted α to the range 0 ≤ α < π/2 since P lin (α + π/2) = -P lin (α). optical alignment of the exciton has been already reported for many III-V or II-VI bulk materials or heterostructures [21] [22] [23] [24] [25] . In QDs, the origin of the linear symmetry of the exciton eigenstates is generally attributed to the anisotropic electron-hole exchange splitting [26] [27] [28] originating from QD elongation and/or interface anisotropy. Here, the symmetry of the dots is generally C 3v 29 , so the interface anisotropy argument is not relevant. Previous results for III-N SK quantum dots reported definite directions for the orientation of the splitted exciton orthogonal eigenstates. These directions were linked to the symmetry of be observed in the PL polarization dynamics. The absence of any measurable polarization (not shown) is attributed here to the exchange splitting energy statistical fluctuations among the QD ensemble. As we do not observe any beats for t > 200 ps, we can infer that the standard deviation of the anisotropic exchange interaction distribution is larger than 10 µeV, which is consistent with recent measurements on SK QDs 28 .
We have studied the PL polarization dynamics as a function of the temperature. As the degree of the PL linear polarization depends on the excitation-detection energy separation aspect-ratio close to 1. We can conclude that no temporal decay nor a decrease of the P lin degree are observed for any temperature within our experimental uncertainties. An activation energy for the polarization degree was determined, for instance for zincblende GaN/AlN SK QDs 14 , in the range 50-100 meV. The temperature insensitivity of the exciton alignment in figure 5 is therefore a distinctive property of these nanowire embedded GaN/AlN QDs which strikingly singles out the present findings from the preceding results.
The origin of the temperature robustness of the exciton alignment is still under investigation.
Confinement effect comparable to SK GaN/AlN quantum dots are expected for this nanowire structure. This remarkable behavior has therefore to be linked to the peculiar structure of the nanowires. We tentatively ascribe the origin of the observed temperature stability to the higher structural quality of the nanowire embedded QDs compared to the SK structures.
Different exciton-phonon interaction compared to SK dots could also play a non-negligible role thanks to the marked different structural configuration of the nanowires 32, 34 .
We have developed a simple model to describe the measured PL linear polarization degree according to the experimentally deduced orientation and symmetry of the exciton dipoles in the nanowire embedded QDs. We first evaluate the maximum PL linear polarization degree measurable along the ( e(α), e ⊥ (α)) basis, following a quasi resonant excitation along e α (experiment A). We postulate a random orientation of exciton dipoles corresponding to the orthogonal eigenstates identified by the ( e(θ), e ⊥ (θ)) basis for a given QD, with 0 ≤ θ < π.
We first assume that during the energy relaxation the relative phase between the exciton states is f ully preserved. Assuming in addition that the oscillator strength of the two orthogonal exciton dipoles are roughly identical, the projection of the wavefunction on the bright excitonic states is:
where ω 1 is the fine structure splitting of the exciton bright states due to anisotropic exchange interaction (a global phase factor has been dropped for simplicity). In the basis ( e(α), e ⊥ (α)) associated with the laser polarization we obtain:
The density matrix of the Quantum Dot ensemble is then given by:
We make here the further assumption that there is no correlation between the fine structure splitting amplitude and the orientation θ of the excitonic dipoles, so that we have: g(θ, ω 1 ) = g 0 (θ)g 1 (ω 1 ). We model then the angular distribution function g 0 (θ) by a uniform law and the fine structure splitting distribution g 1 (ω 1 ) by a Gaussian centered onω and with standard deviation σ ω , so that:
In the investigated time range (t>200 ps), the condition t≫ σ 
As we do not observe any linear polarization relaxation during the exciton lifetime, the subsequent time evolution is given by
where we have added the exponential factor to take into account the exciton radiative recombination. The PL linear polarization in the ( e(α), e ⊥ (α)) basis is therefore P lin (t) = 1/2 which is constant and independent of the laser linear polarization direction. Experimentally we obtain P X/Y lin ≤0.15 on the whole detection spectrum signifying that depolarization mechanisms occur during energy relaxation.
In a more realistic approach we consider now that, during energy relaxation, the relative phase between exciton states is only partially preserved. We characterize the coherence loss during the energy relaxation process by a phenomenological energy dependent coefficient
where1 is the identity matrix. Experimentally we observe in figure 3-c P lin (α = 0)=12.5%
for a PL detection 45 meV below the excitation, implying C (45 meV)=0.75. Note that a similar depolarization value was measured in InAs/GaAs quantum dots by comparing the PL polarization degree obtained in strictly resonant excitation and quasi-resonant excitation (one LO phonon above the ground exciton state) conditions 35 .
We now turn to the modeling of experiment B, where the excitation linear polarization is kept fixed along the e X direction while we rotate the observation basis ( e(α), e ⊥ (α)) by an arbitrary angle α. The projection of the excitonic state on the bright state basis, just after the energy relaxation, is now given in the basis {| X α , | Y α } by:
| ψ θ,ω 1 (t) α = e iω 1 t/2 cos(θ) cos (θ − α) + e −iω 1 t/2 sin(θ) sin (θ − α) | X α + e iω 1 t/2 cos(θ) sin (θ − α) − e −iω 1 t/2 sin(θ) cos (θ − α) | Y α .
Under the same assumption as previously detailed, we obtain, for t>200 ps: 
The PL linear polarization is now given by: Figure 3 -c presents the experimental data and the calculated curve according to equation (11) . The agreement is satisfactory considering that no oscillator strength difference between the exciton eigenstates nor any anisotropy of the exciton states distribution in the sample plane have been considered 36 .
In conclusion, we have studied the optical orientation of the exciton spin in nanowireembedded GaN/AlN Quantum Dots. We have observed the quenching of the exciton spin relaxation time and the temperature insensitivity of the exciton PL linear polarization degree. These results contrast with the temperature decrease of the linear polarization degree observed in other nitride based QD systems 14, 15 . A careful investigation of the angular dependence of the PL linear polarization reveals the presence of independent families of QDs with orthogonal exciton eigenstates without any preferential crystallographic in-plane orientation.
